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The optical potential and observables for proton- He elastic scattering are studied within the
single scattering approximation to the Kerman, McManus, and Thaler (KMT) multiple scattering
expansion. Calculations are performed for proton- He elastic scattering at 72 MeV/nucleon, for
which there are available experimental data, and also at 200 MeV/nucleon incident energy. It is
shown that the calculated elastic scattering observables are modified significantly by the inclusion
of the proton- He spin dependence arising from the nucleon-nucleon amplitude. The roles of the
core and valence nucleon contributions to this spin dependence are clarified.
PACS number(s): 24.10.Ht, 24.70.+s, 25.40.Cm
I. INTRODUCTION
With the advent of beams of radioactive nuclei of high
energy [1] from fragmentation reactions there is increas-
ing interest in studies of the structure of light nuclei far
from stability, and of the extent to which these structures
can be elucidated through the analysis of scattering and
reaction data. Root mean square (rms) radii of the mat-
ter densities of the unstable nuclei have been deduced
from interaction [2,3] and reaction [4] cross section mea-
surements.
One- and two-neutron halos have now been observed in
several light neutron-rich nuclei, such as Be and Li.
These are characterized by a striking departure of the in-
teraction radii from the A / rule [5]. Halo nuclei are also
characterized by having extremely small one- and/or two-
neutron separation energies. The n separation energy is
0.5 MeV in the case of Be and the 2n separation energy
is 0.3 MeV for Li. Matter radii have also been deduced
for the sequence of helium isatopes ' He [3,6]. The ob-
served two-neutron separation energies are 0.97 MeV for
6He and 2.13 MeV for He.
Of the nuclei mentioned, He is a particularly good
candidate to study halo effects upon the reaction mech-
anism. The structure of He is thought to be under-
stood and, to a good approximation, comprises a closedj = 3/2 valence neutron subshell and an alpha particle
core. Thus the He ground state has spin zero, simplify-
ing the possible spin-dependent terms in the He-target
optical potential.
Much theoretical effort has now been invested in as-
sessing the importance of the halo effects on the total
reaction cross section and on scattering differential cross
section angular distributions. Within the context of ion-
ion collisions, the study of the Li+~ C system [7] has
shown it to behave in a very similar way to C+ C but
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with the need phenomenologically [8] for central poten-
tials of extended range. There remain, however, signifi-
cant discrepancies between the data and their theoretical
description in terms of an underlying Li structure and
constituent cluster-target interactions [9].
In the case of ion-nucleon scattering, measurements
of the elastic scattering cross section angular distribu-
tions of the lithium isotopes ' ' Li from protons at 60
MeV/nucleon [10] and of the helium isotope He from
protons at 72 MeV/nucleon [11] have been undertaken.
An important possibility for ion-nucleon systems is that
analyzing power measurements (in inverse kinematics)
could be made in the future by use of a polarized proton
target. The nucleon-ion spin dependence, the spin-orbit
interaction for a spinless ion, is expected to have signif-
icant effects at the energies of current experimental in-
terest. In this paper we provide a erst assessment of the
effects on the proton- He elastic scattering observables
due to the intrinsic spin dependence of the free nucleon-
nucleon (NN) amplitude. In particular, we attempt to
clarify the spin sensitivity, due to the extended neutron
halo of He, in calculated cross sections and analyzing
powers. In doing so we clarify the extent to which spin
measurements might allow one to probe further the struc-
ture of the valence nucleons.
The phenomenological analysis of the proton-Li scat-
tering data reported in Ref. [10] did include a nucleon-
ion spin-orbit interaction. However, its significance for
describing the data was not clarified. On the other hand,
the theoretical calculations so far reported for elastic
Li-proton [12] and He-proton [13] scattering, based
on a Glauber optical potential, assume a parametrized
zero-range effective NN transition amplitude and neglect
its explicit spin dependence. Nevertheless, these calcu-
lations reveal that the elastic cross section angular dis-
tributions show sensitivity to the assumed single-particle
density of the incident ion, although some features of
the experimental data, such as the reduced magnitude of
the empirical cross section angular distribution for p- Li
scattering in comparison with that for the other isotopes,
are not reproduced [12].
0556-2813/95/51(6)/3283(7)/$06. 00 3283 1995 The American Physical Soci.ety
3284 R. CRESPO, J. A. TOSTEVIN, AND R. C. JOHNSON 51
The present analysis is carried out within the mi-
croscopic multiple scattering formalism of Kerman, Mc-
Manus, and Thaler (KMT) [14]; the essental inputs are
thus the free nucleon-nucleon transition amplitude and
the projectile ( He) wave function. Calculations will
be presented for p-sHe scattering at 72 MeV/nucleon,
where cross section data are already available, and at 200
MeV/nucleon incident energy. Applications of the mul-
tiple scattering treatment of the optical potential have
increased considerably in sophistication during the last
few years [15—18] and careful treatments of the first-
and second-order terms of the multiple scattering series
have been carried out. The multiple scattering approach,
which expands the nucleon-target optical potential in
terms of a realistic free NN transition amplitude, eval-
uated at an appropriate NN relative energy parameter,
is best suited for nucleon incident energies of order 100
MeV & Ep & 400 MeV. The method has, however, re-
cently been applied with some success for the description
of elastic nucleon scattering data from a wide range of
targets at 65 MeV [19].
The nonlocality of the NN amplitude means that the
optical potential and the solution of the scattering prob-
lem are most conveniently carried out in momentum
space. We include both the central and spin-orbit op-
tical potential components. In the present work the NN
amplitude is calculated from the Paris potential [20—22].
Particular attention will be paid to the importance of
the spin dependence on the calculated elastic scattering
observables and the implications for analyses aimed at a
determination of the halo structure of such light neutron
rich nuclei.
momentum operator for the motion of the center of mass
(c.m. ) of the interacting NN pair [17], and m is the
nucleon mass. Ep is the incident nucleon energy in the
nucleon-target (NA) c m . fr. ame, thus Ep —5 kp/2p~g
with p~~ the nucleon-target reduced mass.
The second-order term of the multiple scattering ex-
pansion, which takes into account Pauli blocking medium
effects, has been investigated elsewhere in considerable
detail [17]. These Pauli blocking corrections modify the
optical potential only in the nuclear interior [23] and are
not considered explicitly here.
The matrix elements of the optical potential are devel-
oped in momentum space as
A
(k'iUik) = ) (O'P it „((u)ikP ) . (4)
Introducing the variables P = (J7+ p')/2 and Q
(k + k')/2, the mean values of the scattered and struck
nucleon momenta, then
A
(k'IUlk) =
~
). d'P(&pIP —q/2)(K' Itp. (~) I&)
n=1
x(P+ q/2iyp), (5)
I 1 Ir. = —(k —P —q/2), K' = —(k' —P+ q/2) .2 2
The energy parameter u can now be written
where q = k ' —A: is the momentum transfer and the initial
and final NN relative momenta are
II. OPTICAL POTENTIAL
~ = Ep — iQ+ Pi4m (7)
The first-order term of the KMT optical potential for
nucleon scattering &om a target of mass A. is given by
the expression [14,16]
A).(& It'. ( )[&o) .
In this momentum space form, Eq. (5), a NN transi-
tion amplitude from realistic NN interaction models can
be included. With the convention that plane waves are
normalized such that
(.-ik) = (2~)-'~'exp(ik '-),
Here Pp is the target nucleus wave function and tp~ (w) is
the NN transition operator describing the free scattering
of the incident (0) and struck (n) target nucleon with an
energy parameter ~. This transition amplitude satisfies
the integral equation
then the antisymmetrized transition amplitude is related
to the NN scattering amplitude M by the relation
(K'ltp. (~)l~) = —,(K'IMI~)4vr2 p
tp„((u) = vp„+ vp„g(ur)tp„((u), (2) with p the NN reduced mass, and where [24]
where vp is the assumed free space NN interaction. The
intermediate state propagator g(w) is therefore
1
g((u) =
—Kp~
M = A+ 8(o'p . n)(o' . n) + C(o'p + o ) n
+17(o.p . m) (o„m) + E'(o.p . E)(o„.E)
+X[(o.p l)(o.„.m) + (o„.m)(op l)] . (9)
where Kp is the kinetic energy operator for the relative
motion of the active NN pair. Medium efFects arising
&om distortions due to the struck nucleon binding po-
tential have been neglected in the propagator [17]. The
energy parameter is ur = Ep —h P /4m, where P is the
Here n = K x K /i& x P. i t' = (K + v)/iK'+ I7:I and m =
E x n are the unit vectors defined by the NN scattering
plane.
Of the KMT amplitudes A, 8, C, 17, E', and W, only A
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and C are required in the context of the present work. In
calculations these amplitudes are expressed as complex
functions of relative energy u, momentum transfer q =
(r. ' —r), and total NN momentum Q = (r ' + r)/2 in
their c.m. frame. Each amplitude depends on isotopic
spin in the form
compared with the full COSMA model approximation
this density produces the same rms matter radius and
accurate values for r =3.14 fm and r&—1.69 fm, the mean
distances of the valence neutrons, and of a point proton
from the He c.m. , respectively. The Fourier transforms
of these densities are, for the o. core,
A((u, r". ', Pc) = A(ur, q, Q) = Ao + A (~() . ~„) . (10) p, (q) = 4 exp( —b, q /4), b, = 1.38 fm,
III. TARGET NUCLEUS MODEL
and for the valence neutrons,
p„(q) = 4 (1 —b„q /6) exp( —b„q /4), b„= 1.99 fm .
To describe the He ground state we take the Gve-body
cluster orbital shell model approximation (COSMA)
wave function proposed by Zhukov et al. [25]. The wave
function is written as the product of an o. particle core
wave function with a function which describes the motion
of the valence neutrons, each assumed to occupy a p3/2
state relative to the core. The core and valence nucleons
are assumed to occupy harmonic-oscillator single-particle
states with the oscillator parameter for the core nucleons
chosen to reproduce the alpha particle matter rms radius
1.45 fm. The total wave function thus contains only one
adjustable parameter, the oscillator parameter for the
valence nucleons, which is chosen to reproduce the rms
matter radius of sHe of 2.52 fm [3].
A simple parametrized Gaussian form for the core and
valence nucleon densities is also presented in [25]. When
(12)
IV. IMPULSE APPROXIMATION
The product of the target wave functions in Eq. (5)
is strongly peaked about the value I = ~J7+ p'~/2 = 0.
Thus, the optical potential matrix elements will sample
the NN transition amplitude at and near P = 0. The
smooth variation of the the NN amplitude over the range
of relevant momenta leads to the optimal factorization
form of the optical potential [16]. Given the sHe struc-
ture discussed above the optical potential can then be
written
(k']U]k) = A —1 1 t'-, ql = 1 f- ql 1 (-, ql 1 (-p (q) —I k'+ — I ]&ox(~)l — I k —— I + p (q) —I k'+ — l l& (~)l —I k —— I2 2) 2 ( 2) 2 ( 2) " 2 2j
p (q)t»(~ q Q/2)(k'/U/k) =
+ p (q)& ( q Q/2) (i4)
or, alternatively,
(k ]U~k) = [p (q)&oi(~, q, Q/2, 0')
+ ~-(q)t~-(~ q Q/2 &)] (i5)
with P the angle between the vectors Q and q. Explicitly,
with u = Eo —h2Q2/4m. Here toq is the spin and isospin
average, due to the closed shell core, of the NN ampli-
tude and t„ is the spin average, due to the closed valence
nucleon subshell, of the NN amplitude for the incident
proton-struck neutron scattering. Here p, (q) and p„(q)
are the densities associated with the core and valence
nucleons, respectively. For a doubly closed shell nucleus
then p„(q) = 0. In the present case p (q) and p„(q) are
given by Eqs. (11) and (12).
Following Eq. (10), the matrix elements of the optical
potential are
the central and spin-orbit components of the interaction
are therefore
(k'~U~k) = U, (k', k) + Ug, (k', k)pro. n, (i6)
with n the unit normal to the NA scattering plane in
the NA c.m. frame. With the normalizations adopted
in Eqs. (11) and (12) for the core and valence nucleon
densities, then the central and spin-orbit optical potential
form factors are
h2
U. (k' k) = —,[&o(~ q Q/2 &)p. (q)
+ %-(~ q Q/2 &)~-(q)] (17)
h2
Ug, (k', k) = — [Co (ur, q, Q/2, P)p, (q)A 4'~ p
+ ~~-(~ q Q/2 &)~-(q)] (18)
with Ao given by Eq. (10). The proton-valence nucleon
amplitude A„ is
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and similarly for C„
Systematic studies of the NN amplitude have shown
that for the central and spin-orbit terms A and C, the
variation of the amplitudes with the angle P is very slow
[17,21]. Thus, we take the on-shell value P = vr/2 in the
evaluation of these amplitudes.
For the evaluation of the appropriate NN energy pa-
rameter w = Ep —h Q /4m we make the usual assump-
tion that the momentum of the projectile is fixed at the
on-shell value ko and that the dominant momenta of the
struck nucleon are small. These assumptions should be
particularly appropriate for the longer-ranged contribu-
tions to the optical potential arising from the valence
(halo) nucleons, where the nucleons interact in regions of
low matter density and are of lower momenta. In this
limit the NN energy is assumed fixed with a = Ep/2
[16], the impulse approximation. In the present assess-
ment of the role of the spin-orbit interaction, this is the
value used in the calculation of the NN amplitude.
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FIG. 1. Calculated and experimental [11] differential cross
section angular distributions for p- He scattering at 72
MeV/nucleon. The solid and dashed curves show the full
microscopic optical potential calculations, including central
and spin-orbit terms and in the absence of spin-orbit terms,
respectively. The dot-dashed curve assumes the zero-range
approximation to the NN amplitude.
V. DISCUSSION OF RESULTS
We present calculations for proton- He scattering at
incident projectile energies of 72 MeV/nucleon and 200
MeV/nucleon [26]. We include the proton- He Coulomb
interaction, assumed to act on the center of mass of the
He, using the subtracted momentum space method dis-
cussed in Ref. [27]. The method has been shown to pro-
duce accurate calculations of scattering observables. The
Coulomb interaction was calculated from the deduced
He charge density. The Coulomb effects are relatively
small in the energy region of interest. The free NN am-
plitudes were calculated exactly, on and off the energy
shell, from the Paris potential [20,22]. Once the core and
valence nucleon densities of He are given, for example
those of Eqs. (11) and (12), there are no free parameters
in the calculations.
Figure 1 presents the calculated and experimental val-
ues of the differential cross section angular distribution
for proton- He scattering at a laboratory energy of 72
MeV/nucleon. The data were taken from Ref. [11].The
solid curve shows the results of using the full microscopic
optical potential, including central and spin-orbit terms.
Although our interest here is not in the detailed descrip-
tion of the experimental data, nevertheless, we see that
the single scattering impulse approximation calculations
produce a very reasonable description of the experimental
points. The smallest angle scattering data are reasonably
reproduced. These data points were somewhat underes-
timated in the Glauber model calculations of Ref. [13].
The dot-dashed curve shows the calculated cross section
if we make the zero-range approximation to the NN tran-
sition amplitude in the present work. The corrections due
to the finite range of the NN amplitude are also clearly
very significant.
The dashed line in Fig. 1 also shows the full finite-range
calculations but in the complete absence of the spin-orbit
terms in the proton- He interaction, that is, replacing
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FIG. 2. Calculated difFerential cross section angular distri-
butions for p- He scattering at 200 MeV/nucleon. The solid
and dashed curves show the full microscopic optical potential
calculations, including central and spin-orbit terms and in the
absence of spin-orbit terms, respectively.
Cp —C„= 0 in Eq. (18). The effects on the calcu-
lated cross section angular distribution are once again
very significant, even given the accuracy of the available
data. In fact the magnitude of the changes induced due
to the spin dependence is of the same order as those pro-
duced when changes are made to the assumed He den-
sity distribution [13]. Clear therefore is that analyses of
the structure or extension of the valence nucleon (halo)
distributions from elastic ion-nucleon data need to take
account of the finite-range and spin-orbit potential ef-
fects associated with a realistic description of the NN
amplitude.
Figure 2 shows the corresponding differential cross sec-
tion calculations at 200 MeV/nucleon incident energy.
The two curves have the same meaning as those in Fig. 1.
We do not show the zero-range calculation. As might be
expected, the effects of the spin-orbit interaction increase
very significantly at this energy and are responsible for
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the smoothing and filling in of the diffraction minima in
the cross section observed in the absence of the spin-orbit
term.
Having established the importance of finite-range and
spin-orbit potential effects to obtaining quantitative cross
section predictions, in the remainder of this section we
perform additional calculations to assess the valence nu-
cleon (halo) contributions to the central and spin-orbit
component of the optical potential and scattering observ-
ables. We consider microscopic calculations where the
core and valence nucleon NN amplitudes, that is, the C
and A in Eqs. (17) and (18), are selectively switched on
and off while retaining the correct proton- He kinemat-
ics.
In Figs. 3—6 we compare such calculations with the
full physical calculations at 72 MeV/nucleon and 200
MeV/nucleon. Figures 3 and 4 show the calculated differ-
ential cross section and vector analyzing power angular
distributions at 72 MeV. The full calculations are shown
by the solid curves. Also shown, dashed curves, are the
no spin-orbit calculations for the cross section, the dashed
curves of Fig. 1. The dotted and dot-dashed curves re-
sult from setting A„= C„„=0 in Eqs. (17) and (18),
and C„„=0 in Eq. (18), respectively. That is, the dotted
curves result when the central and spin-orbit components
of the optical potential arising from the interaction of the
incident nucleon with the valence neutrons are removed.
The dot-dashed curves result when only the spin-orbit
component of the optical potential arising from the va-
lence nucleon density is removed. The cross section dis-
plays clearly the importance of the distortion due to the
valence nucleon interactions to the full calculation. We
note, however, that the spin-orbit component of the opti-
cal potential arising from the valence nucleons has only a
very small efFect upon the cross section angular distribu-
tion. The spin dependence in the cross section thus con-
veys essentially no information regarding the structure of
the halo nucleons and should be well determined, result-
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FIG. 4. Calculated vector analyzing power angular distri-
butions for p- He scattering at 72 MeV/nucleon. The curves
are as in Fig. 3.
ing as it does, from the core of tightly bound nucleons.
This is not the case for the analyzing power angular dis-
tribution where there are significant differences between
the solid, dotted, and dot-dashed curves in Fig. 4 due
to the valence nucleon contribution to the central and
spin-dependent interactions. The conclusion is therefore,
for He, while we have access only to cross section data,
the required spin-dependent effects will be due almost
entirely to the interaction of the target nucleon with the
core. There is, however, significant sensitivity in the ana-
lyzing power angular distribution to the valence nucleon
distribution, through both its central and spin-orbit po-
tential components, and such polarization data may be
important in the future in clarifying this structure.
Figures 5 and 6 show the corresponding cross section
and vector analyzing power calculations at 200 MeV. The
curves have the same meanings as in Figs. 3 and 4. The
conclusions regarding the importance of the core nucleon
contributions to the spin-orbit interaction and the va-
lence nucleon contributions to the central distortion upon
the cross section angular distribution are confirmed at
this higher energy. Again there is sensitivity in the ana-
lyzing power angular distribution to the valence nucleon
distribution, through its central and spin-orbit potential
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FIG. 3. Calculated di8'erential cross section angular distri-
butions for p- He scattering at 72 MeV/nucleon. The solid
and dashed curves show the full microscopic calculations with
and without spin-orbit terms. The dotted and dot-dashed
curve result when removing the central and spin-orbit, or only
the spin-orbit, valence nucleon contributions to the optical
potential.
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FIG. 5. Calculated differential cross section angular distri-
butions for p- He scattering at 200 MeV/nucleon. The curves
are as in Fig. 3.
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FIG. 6. Calculated vector analyzing power angular distri-
butions for p- He scattering at 200 MeV/nucleon. The curves
are as in Fig. 4.
contributions.
Even at 72 MeV, it is evident that the spin-dependent
eÃects on the cross section are significant. The calcu-
lations reveal, however, that the valence nucleon contri-
bution to the spin-orbit interaction has very little eKect
upon this observable. However, the valence nucleon con-
tribution to the spin-orbit interaction is manifest in the
calculated analyzing powers. It would thus appear that
polarization data, such as would be acquired from He
scattering from a polarized proton target, could provide
additional information on the valence neutron distribu-
tion. These results, regarding the importance of the spin
dependence to the calculated cross sections, become more
significant with increasing nucleon energy.
ing approximation to the KMT multiple scattering for-
malism. This includes automatically the finite range of
the NN amplitude and the central and spin-orbit com-
ponents of the optical potential arising from the spin de-
pendence of the free NN amplitude. Calculations are
presented for 72 and 200 MeV/nucleon incident energies.
The magnitudes of the effects, on the calculated diKer-
ential cross sections and analyzing powers, of the halo
structure in He, and of the spin dependence of the opti-
cal potential, are investigated. The elastic scattering ob-
servables are found to be sensitive to both the inclusion
of the finite range and the spin dependence of the ele-
mentary NN amplitude. It follows that analyses which
attempt to determine information on the structure or
radial extent of the valence nucleon (halo) distributions
from such data must take into account these eKects if
quantitative conclusions are to be made. While the cal-
culated cross section angular distributions are sensitive
to the spin dependence due to the core nucleons, and to
the contribution of the valence nucleons to the central
distortion, they are insensitive to the disuse spin-orbit
term generated by the valence particles. This is not true
of the calculated analyzing powers in which the spin de-
pendence due to the valence nucleons is manifest. The
available cross section data at 72 MeV [ll] appear consis-
tent, within the present calculations, with the COSMA
He density distribution of Zhukov et al. [25].
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